Abstract The corrosion inhibition behavior of amino acid L-methionine (LMT) separately and in combination with very low concentration of surfactants sodium dodecyl sulfate (SDS) and cetyltrimethyl ammonium bromide (CTAB) on mild steel in 0.1 M H 2 SO 4 solution was studied, using weight loss and potentiodynamic polarization measurement techniques. The studies were carried out in the temperature range of 30-60°C. The surface morphology of the corroded steel samples was studied by scanning electron microscopy (SEM) and atomic force microscopy (AFM).The results show that LMT is an effective inhibitor for mild steel corrosion in 0.1 M H 2 SO 4 which is synergistically improved in the presence of SDS and CTAB. The mixed LMT and CTAB is more effective as an inhibitor than mixture of LMT and SDS. The SEM and AFM photographs show a clearly different surface morphology in the presence of additives. LMT alone and in combination with surfactants obeys Langmuir adsorption isotherm from the fit of the experimental data of all concentrations and temperatures studied. Phenomenon of physical adsorption is proposed from the trend of the IE with temperature and also the values of activation energy (E a ), standard enthalpy of adsorption (DH ads ), and standard free energy of adsorption (DG ads ) obtained. The results obtained by potentiodynamic polarization measurements are consistent with the results of the weight loss measurements. LMT acts as a mixed type inhibitor.
Introduction
The corrosion of mild steel is a subject of fundamental, academic and industrial concern and has received a considerable attention during the last few decades (Uhlig and Revic, 1985) . The use of inhibitors is one of the most effective practical and economic methods to protect metallic surfaces against corrosion in aggressive acidic media (Behpour et al., 2009; Demadis et al., 2007; El-Meligi et al., 2000) . Mineral acids are widely used in various industries for pickling of steel at elevated temperatures up to 60°C. This technique besides being used to remove corrosion scales from the steel surface without causing acid attack of the bulk metal is also effectively applied in cleaning of industrial equipment and acidization of oil well (Clubley, 1990) . Most of the efficient pickling inhibitors are organic compounds containing hetero atoms such as sulfur, nitrogen, oxygen, phosphorus, and multiple bonds or aromatic rings in their structures (Ostovari et al., 2009; Kertit and Hammouti, 1996) .The number of lone pair of electrons and loosely bound p-electrons in these functional groups are the key structural features that determine the inhibitive action of these compounds (Shukla et al., 2009; Shukla and Quraishi, 2009 ). These compounds prevent corrosion by blocking the active corrosion sites either by getting adsorbed, or by forming a protective layer or an insoluble complex on the metal surface. However, most of the organic compounds used as corrosion inhibitors are toxic and hazardous to both human beings and the environment and need to be replaced by nontoxic, environment friendly compounds. As a result, the current research trends are toward the development of nontoxic, economical and more environmentally safe green chemicals as corrosion inhibitors (Abiola and James, 2010; Singh and Quraishi, 2010a,b; de Souza and Spinelli, 2009; Morad, 2008; Umoren et al., 2009) .
It has been shown by a number of investigators that some amino acids can act as corrosion inhibitors, which has generated an increasing interest in these compounds (Fu et al., 2010; Saifi et al., 2010; Toufari et al., 2008; Oguzie et al., 2007a,b; Silva et al., 2006; Ashassi-Sorkhabi et al., 2005 , 2004 Zerfaoui et al., 2004; Zhang et al., 2008 Zhang et al., , 2005 Diab et al., 2005) . Amino acids are attractive as corrosion inhibitors because they are relatively easy to produce with high purity at low cost and are nontoxic, biodegradable and completely soluble in aqueous media. The sulfur containing amino acid L-methionine has been found to be an efficient corrosion inhibitor (Khaled, 2009; Ozcan et al., 2008; Abd-El-Nabey et al., 1985; Abiola, 2005 Abiola, , 2004 Morad, 2005) . Nineteen different naturally occurring amino acids including Methionine were studied as corrosion inhibitors for mild steel in H 2 SO 4 by measuring Tafel polarization curves (Rahim et al., 1997) . The best corrosion inhibition was obtained with the S-containing amino acids. The inhibition effects of two amino acids Methionine and Tyrosine on the corrosion of iron in 0.1 M HCl solution were studied (Zor et al., 2009 ). The inhibition efficiency of the compounds was found to increase with increase in their concentration. Methionine was found to be more effective than Tyrosine. The adsorption of the inhibitors accords with the Langmuir adsorption isotherm.
Synergism is one of the most important effects in the inhibition process and serves as the basis for most of the modern corrosion inhibiting formulations. The addition of halide ions to organic compounds has shown synergistic effect and resulted in improved inhibition efficiency of many organic compounds (Ebenso, 2003) .The IE of methionine was also found to be synergistically increased in the presence of KI (Oguzie et al., 2007b) . However, there remain relatively few works directed toward the synergistic effect between the different organic compounds and surfactants (Rafiquee et al., 2008; Mobin et al., 2011) . In a very recent paper the inhibition behavior of methionine combined with cetrimonium bromide (CTAB) and cetylpyridinium bromide (CPB) for Cu corrosion in 0.5 M HCl solution has been reported. It has been shown that combination of methionine with CTAB or CPB provides strong synergistic inhibition effect (Zhang et al., 2011) .
The corrosion inhibition by surfactant molecules is related to the surfactant's ability to aggregate at interfaces and in solution. The effectiveness of surfactant inhibitor can be studied on the basis of their micellar properties in a particular medium. The adsorbed molecules form monolayer or bilayer hemimicelles or admicelles, depending upon the surfactant concentration and prevent the acid to attack the surface, and thus reduce the corrosion attack (Migahed and Al-Sabagh, 2009; Free, 2002; Saleh and Atha, 2006) . The surfactant can be used either alone or in mixture with other compounds to improve their performance as inhibitors. Amino acids are likely to interact with the surfactants to form complex structure and help to adhere to the surface and offer greater resistance to corrosion.
The present work was undertaken to investigate the corrosion inhibition behavior of LMT separately and in combination with very low concentration of the surfactants SDS and CTAB on mild steel in 0.1 M H 2 SO 4 solution. The techniques used are weight loss measurements, potentiodynamic polarization measurements, SEM, and AFM.
Experimental

Materials
The composition of mild steel used for corrosion inhibition studies was (wt%): 0.20 C, 0.53 Mn, 0.036 Si, 0.11 S, 0.098 P, and balance being Fe. The specimens of size 2.5 · 2.0 · 0.03 cm were press cut from the mild steel sheet, were machined and abraded with a series of emery papers. This was followed by rinsing in acetone and double distilled water and finally dried in air. Before any experiment, the substrates were treated as described and freshly used with no further storage. The inhibitor LMT [(S)-2-amino-4-(methylmercapto) butyric acid, molecular mass 149.21 g mole À1 ], SDS, and CTAB (CDH, India) were used as received. A stock solution of 1000 ppm of LMT was prepared in 0.1 M H 2 SO 4 (AR grade) and the desired concentration was obtained by appropriate dilution. The concentration of LMT used for the study ranges from 10 to 500 ppm. All solutions were made using double distilled water. The study was carried out at 30-60°C maintaining the temperatures using a thermo stated water bath. The molecular structure of the LMT is given in Fig. 1. 
Weight loss measurements
The freshly prepared mild steel specimens were suspended in 250 ml beakers containing 200 ml of test solution maintained at 30-60°C in a thermo stated water bath with the aid of glass rods and hooks. The weight loss taken was the difference Figure 1 Molecular structure of L-methionine (LMT).
